Abstract. Our previous study revealed that serum deprivation upregulated human alkaline ceramidase 2 (haCER2) activity and mRNA in HeLa cells, but the mechanism remains unknown. In the present study, serum deprivation also upregulated haCER2 activity in HepG2 human hepatoma cell line cells due to an increase in haCER2 mRNA, in which mRNA transcription, not mRNA stability, is involved. Furthermore, p38 mitogen-activated protein kinase (MAPK)/activator protein-1 (AP-1) signaling pathway is involved in haCER2 mRNA upregulation by serum deprivation, and this mechanism may explain why haCER2 is upregulated in human liver cancer. In conclusion, p38 MAPK, AP-1 or haCER2 may be used as targets in liver cancer therapy.
Introduction
Ceramide, sphingosine and shingosine-1-phosphate (S1P) are three major metabolites of the sphingolipid signaling pathway. In response to various stresses, ceramide has been shown to mediate differentiation, growth arrest and apoptosis (1) (2) (3) (4) (5) ; sphingosine acts similarly to ceramide (6) , and S1P has the opposite effects (7) . Therefore, the balance between the intracellular levels of ceramide/sphingosine and S1P may determine the fate of a cell (8) . It is well known that ceramide can be metabolized by ceramidases to generate sphingosine, which in turn can be phosphorylated by sphingosine kinases to form S1P. In addition to sphingosine kinases, ceramidases may play a pivotal role in the regulation of the intracellular ratio between ceramide, sphingosine and S1P (6) . Based on optimal pHs and structures, ceramidase are classified into acid, neutral and alkaline ceramidase. Thus far, three alkaline ceramidases, such as alkaline ceramidase 1, 2 and 3, have been identified in humans (9) . Human alkaline ceramidase 2 (haCER2), cloned by us (7), regulates sphingosine and S1P by controlling ceramides hydrolysis. Different expression levels of haCER2 have opposite effects; high expression of haCER2 caused sphingosine-induced growth arrest and low expression of haCER2 promoted S1P-mediated cell proliferation (7) . Thus, regulation of haCER2 may affect the fate of a cell by controlling the balance of ceramide/sphingosine and S1P. In our previous study, serum deprivation upregulated haCER2 mRNA and activity, but the mechanism remains unknown. In the present study, the HepG2 human hepatoma cell line was used as a cell model and it was found that p38/activator protein-1 (AP-1) signaling is involved in serum deprivation-induced haCER2 transcriptional activation and subsequently caused an increase in haCER2 enzymatic activity.
Materials and methods

Cells and materials.
HepG2 cells were cultured in Dulbecco's modified Eagle's medium (HyClone Corp., Logan, UT, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; HyClone Corp.), 100 U/ml penicillin and 100 µg/ml streptomycin in a humidified atmosphere at 37˚C and 5% CO 2 .
o-Phthalaldehyde was from Fluka (Milwaukee, WI, USA). D-e-C24:1-ceramide and D-e-C17-sphingosine were purchased from Avanti Polar Lipids, Inc., (Pelham, AL, USA haCER2 activity assays. haCER2 activity was determined by the release of sphingosine from ceramide as described previously (10) . In brief, D-e-C24:1-ceramide was selected as a substrate dispersed into A buffer (pH 9.0), including 25 mmol/l glycine-NaOH, 5 mmol/l CaCl 2 and 0.3% Triton X-100, by water bath sonication. The microsomes containing haCER2 from HepG2 cells were suspended in B buffer (pH 9.0), including 25 mmol/l glycine-NaOH and 5 mmol/l CaCl 2 . Incubation of the microsomes with ceramide substrate at 37˚C for 20 min initiated the enzymatic reactions, which were stopped by boiling the mixture. After Bligh-Dye extraction, sphingosine was assayed by high-performance liquid chromatography analysis with D-e-C17-sphingosine as an internal standard. HPLC was conducted using the Agilent 1050-HPLC model fitted with an eclipse XDB-C18 column (Agilent Technologies, Palo Alto, CA, USA). The solvent was methanol-potassium phosphate buffer (90:10 v/v) and the flow rate was 0.7 ml/min. A HP1046 fluorescence detector with an excitation at 345 nm and emission at 455 nm was used.
Reverse transcription-qPCR (RT-qPCR).
Total RNA was isolated from HepG2 cells using the RNeasy Mini kit according to the manufacturer's instructions. RNA was reverse-transcribed into first-strand cDNA with the iScript cDNA Synthesis kit using 20 µl of the reaction mixture containing 1 µl iScript reverse transcriptase, 4 µl 5X iScript reaction mixture and 0.5 µg total RNA. The complete reaction was cycled for 5 min at 25˚C, 30 min at 42˚C and 5 min at 85˚C using a PTC-200 DNA Engine (MJ Research Inc., Waltham, MA, USA) (11). cDNA was subjected to RT-qPCR analysis, which was performed on an iCycler system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The initial PCR step was 3 min at 95˚C, followed by 40 cycles of a 10-sec melting at 95˚C and a 45-sec annealing/extension at 60˚C. The final step was 1-min incubation at 60˚C. All the reactions were performed in triplicate. Data are expressed as the mean normalized expression, which is directly proportional to the amount of haCER2 mRNA relative to the amount of β-actin mRNA. The primers used were forward, 5'-AGTGTCCTGTCTGCGGTTACG-3'; and reverse, 5'-TGTTGTTGATGGCAGGCTTGAC-3' for haCER2; and forward, 5'CAATGTTCGGTGCAATTCAGAG-3' and reverse, 5'-GGATCCCATTCCTACCACTGTG-3' for β-actin (9) .
mRNA stability analysis. HepG2 cells were plated in 12-well plates at a density of 0.4x10 6 cells/well overnight and treated with serum deprivation, followed by the addition of 10 µg/ml actinomycin D. HepG2 cells were harvested 2 h after the addition of actinomycin D and haCER2 mRNA was quantified using RT-qPCR as above.
Transfection and luciferase activity assay. HepG2 cells were transiently transfected with 1 µg AP-1 or NF-κB Cignal Reporter for 24 h using FuGENE HD as the transfection reagent. The cells were cotransfected with the Renilla luciferase reporter plasmid pRL-TK (50 ng/10 6 cells) as an internal control. The cells were subsequently treated with serum deprivation for 8 h. Following the treatment, the cells were rinsed with cold PBS and lysed with the buffer from the Dual-Luciferase Reporter Assay system. Firefly and renilla luciferase levels were measured in a luminometer using the dual-luciferase reporter assay reagents according to the manufacturer's instructions. The firefly luciferase levels were normalized to the renilla luciferase levels.
Treatment of cells with the inhibitors of the signaling pathways.
HepG2 cells were treated with serum deprivation in the absence or presence of 10 µM PD-98059, SP-600125, SB-203580 for 8 h. Following the treatment, haCER2 mRNA was quantified using qPCR.
Transfection of siRNA. In order to silence the p38 MAPK gene expression, the siRNA approach was used. The HepG2 cells were cultured for 24 h before the transfection was processed in 24-well plates with 40 nM siRNAs using Lipofectamine ® 2000 (Invitrogen Corp., Carlsbad, CA, USA). After a 24-h incubation with p38 siRNA or Con-siRNA, the HepG2 cells were cultured with or without serum deprivation for an additional 8 h and subsequently the cells were collected and haCER2 mRNA was quantified using RT-qPCR. p38 MAPK knockdown was confirmed by western blot analysis (12) and qPCR.
Statistical analysis. Data are expressed as the mean ± standard deviation, with a minimum of three independent experiments analyzed by Student's t-test or analysis of variance. P<0.05 was considered to indicate a statistically significant difference.
Results
haCER2 is upregulated by serum deprivation in HepG2 cells.
Our previous study revealed that haCER2 is upregulated by serum deprivation in HeLa cells; this prompted the investigation of whether the expression of the endogenous haCER2 was upregulated upon serum deprivation in HepG2 cells. In vitro activity assays showed that serum deprivation markedly increased alkaline ceramidase activity on D-e-C24:1-ceramide in a time-dependent manner, reaching a peak at 12 h (Fig. 1A) . RT-qPCR analysis demonstrated that haCER2 mRNA was significantly upregulated in response to serum deprivation in a time-dependent manner and the increase plateaued at 8 h (Fig. 1B) . These results indicate that serum deprivation upregulates haCER2 activity and mRNA. Comparing the kinetics of haCER2 activity and mRNA, it is indicated that the serum deprivation induced-haCER2 activity increase in HepG2 happens at mRNA level. Based on this kinetics study, haCER2 mRNA was measured at 8 h and haCER2 activity at 12 h in the subsequent studies.
Transcription, but not mRNA stability, is involved in haCER2 upregulation in HepG2 cells by serum deprivation. The data above showed that haCER2 mRNA was upregulated by serum deprivation and it is well known that gene expression can be regulated at the transcriptional level or the post-transcriptional level. In the last years, it became evident that mRNA stability/turnover provides an important mechanism for post-transcriptional control of gene expression. Therefore, whether mRNA stability was involved in the regulation of haCER2 expression by serum deprivation was determined. In the present study, the inhibitory effect of actinomycin D, an inhibitor of transcription, on haCER2 transcription was confirmed by the finding that the treatment of cells with actinomycin D for 2 h reduced the haCER2 mRNA level by 92% in medium containing 10% FBS (Fig. 2) . Furthermore, a result showed that in the presence of actinomycin D for 2 h, haCER2 mRNA level was observed to reduce by 88% in HepG2 cells treated with serum starvation (Fig. 2) . Comparing the mRNA level in HepG2 cells exposure to actinomycin D for 2 h between serum starvation and 10% FBS treatment, it was indicated that serum deprivation-stimulated haCER2 upregulation was due to the transcriptional regulation and not mRNA stability.
AP-1 signaling is involved in haCER2 upregulation in HepG2 cells by serum deprivation.
A previous study revealed that transcriptional factor AP-1 signaling regulated human neutral ceramidase gene transcription and the degree of decrease in ceramide mass was significantly greater compared to the reduction of human neutral ceramidase transcription, raising the possibility that AP-1 may regulate other ceramide metabolizing enzymes, including haCER2 (13) . Therefore, in the present study, whether AP-1 regulated serum deprivation-induced haCER2 upregulation or not was investigated. In the first experiment, HepG2 cells were transfected with the luciferase reporter vectors constructed with either AP-1 or NF-κB-binding element in the promoter. The results showed that serum deprivation stimulated AP-1 but not NF-κB activity at 12 h (Fig. 3A) . Consistent with the above results, haCER2 mRNA could be upregulated by serum deprivation in HepG2 cells transfected with AP-1 or NF-κB (Fig.3B) . In addition, the AP-1 specific inhibitor SR11302 (14,15) completely blocked the serum deprivation-induced haCER2 mRNA upregulation (Fig. 3C) , and TPA, as an activator of AP-1 (16), has an additive effect on serum deprivation-induced haCER2 mRNA upregulation (Fig. 3D) . Notably, in 10% FBS medium, TPA also stimulates haCER2 mRNA expression (Fig. 3D) .
p38 MAPK is involved in haCER2 upregulation in HepG2 cells
by serum deprivation. AP-1 transcriptional activity can be regulated by MAPK, including ERK, JNK and p38 MAPK signal transduction pathways (17) . Thus, which one was involved in haCER2 upregulation by serum deprivation in HepG2 cells was determined. In the study, HepG2 cells were treated with serum deprivation in the presence of the pharmacological inhibitors of the MAPK pathways. The results showed that haCER2 upregulation by serum deprivation were inhibited by SB-203580, an inhibitor for the p38 MAPK pathway, but not by SP-600125 (an inhibitor for JNK) and PD-98059 (an inhibitor for ERK) (Fig. 4A) . Consistent with this result, downregulation of p38 by specific siRNA completely inhibited haCER2 upregulation by serum deprivation (Fig. 4B) . p38 MAPK knockdown was confirmed by western blot analysis and qPCR (data not shown). These data indicate that the p38 MAPK pathway is involved in haCER2 upregulation by serum deprivation.
Discussion
haCER2 plays an important role in cellular responses by regulating the hydrolysis of ceramides in cells (18) . High and low ectopic expression of haCER2 leads to different cell fates through changing the ratio of ceramide/sphingosine and S1P (7). Therefore, the regulation of haCER2 expression by physiological or pathological stimuli is extremely important, but little is known regarding it. In the present study, firstly, serum deprivation was found to cause haCER2 activation in HepG2 cells in a time-dependent manner, which is in agreement with our previous finding conducted in HeLa cells (7) . Comparing the kinetics of haCER2 activity and mRNA expression, it is indicated that haCER2 activity elevation was caused by increasing haCER2 mRNA. The level of an mRNA within a cell depends on its rate of synthesis and rate of decay (19) . mRNA stability assay showed that actinomycin D, an inhibitor of transcription, completely inhibited the haCER2 mRNA increase caused by serum deprivation. Taking the above results together, it was indicated that serum deprivation-stimulated haCER2 mRNA elevation was due to the transcriptional regulation.
In response to a plethora of physiological and pathological stimuli, numerous gene regulation is mediated by AP-1 (20) . A previous study suggested that human neutral ceramidase gene transcription is regulated by AP-1 signaling, it also raised the possibility that other ceramidases may be regulated by AP-1 as the degree of decrease in ceramide mass was significantly greater than the reduction of human neutral ceramidase transcription (13) . Therefore, whether haCER2 gene transcription by serum deprivation is regulated by AP-1 signaling pathway was investigated. The results showed that serum deprivation stimulated AP-1 luciferase activity, whereas NF-κB activity was not stimulated by serum deprivation. Notably, SR11302 (a specific inhibitor of AP-1) blocked serum deprivation-induced haCER2 mRNA increase, whereas TPA (an activator of AP-1) additively increased haCER2 mRNA with serum deprivation. All these data confirmed that transcription factor AP-1 is involved in haCER2 gene transcription by serum deprivation. Three different types of MAPKs, including ERK, JNK and p38, contribute to the induction of AP-1 activity in response to a diverse array of extracellular stimuli (21) . In the present study, the pharmacological inhibitors experiment revealed that SB-203580 blocked haCER2 transcription induced by serum deprivation, whereas SP-600125 and PD-98059 could not. These indicated that the p38 MAPK, and not JNK and ERK, pathway is involved in serum deprivation-induced haCER2 transcription. The involvement of the p38 MAPK pathway in haCER2 transcription mediated by serum starvation was further confirmed by p38-specific siRNA downregulation.
Notably, AP-1 is composed of the Jun protein family (c-Jun, Jun B and Jun-D) and the Fos protein family (such as c-Fos, FosB, Fra-1 and Fra-2) (20) , and the present study does not identify which subunit(s) of AP-1 play a pivotal role in haCER2 transcription mediated by serum starvation and this is an area for future investigation.
A low-nutrient environment is commonly found in the central region of solid tumor, such as liver cancer (22, 23) . Serum starvation mimics the tumor growth environment in vivo (24) . In HepG2 cells, serum deprivation upregulated haCER2 expression in which the p38 MAPK/AP-1 signaling pathway is involved, and this mechanism may explain why haCER2 is upregulated in solid liver cancer (7, 25) .
The regulation of mRNA stability is an important factor in modulating gene expression, and the p38 MAPK pathway has been indicated in the regulation of the mRNA half-lives of a number of genes (26) . Based on the aforementioned studies, we hypothesized that mRNA stability may be involved in serum starvation-induced haCER2 mRNA increase, but mRNA decay experiments exclude this possibility and future research is required to explore this reason.
In conclusion, the present study conducted in the human HepG2 hepatoma cell line indicates that serum deprivation affects the p38 MAPK signaling pathway leading transcription factor AP-1 activation and subsequently regulates haCER2 mRNA expression. This mechanism may interpret why haCER2 is upregulated in liver cancer.
